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Abstract
This chapter addresses the wastewater treatment of mining residues through adsorp-
tion methodologies. It preferentially focuses its attention on (but not limited to) the 
removal of heavy metals. It begins with a brief description of the most used wastewater 
treatment pathways highlighting both their advantages and disadvantages and focus-
ing on adsorption industrial practice. Classic models of adsorption thermodynamics 
and kinetics are presented. It finalises with a more detailed description of two meth-
odologies of low cost sorbents: (i) inorganic nanostructured silicates and (ii) organic-
based sorbents—pine bark.
Keywords: adsorption, adsorbent, wastewater treatment, sorbent, mathematical 
modelling, mining 
1. Wastewaters containing heavy metals and other contaminants: mining 
applications
1.1. Introduction
One of the two major environmental problems concerning the management of liquids in 
mining and mining-related activities, particularly relevant to a country like Chile, is the 
natural generation of acidic mine drainages (AMD) or acidic rock drainages (ARD) pro-
duced by chemical and/or microbial oxidation of sulphides in the presence of air and water 
[1, 2]. Obviously, the other problem is the impact of industrial residual aqueous solutions 
originated in the metallurgical and mining processing plants. All these solutions exhibit an 
important amount of chemical contaminants, either dissolved or suspended, at concentra-
tions that normally surpass the limit fixed by the national discharge regulations and their 
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discard in an acceptable manner into surface and groundwater bodies is an imperious need 
[3]. The complexity behind the latter issue is even higher considering that the water require-
ments in the  mining industry are becoming a real problem, especially in regions such as the 
Atacama Desert or The Andes Mountains, where this vital liquid is scarce. Mining activi-
ties must then share the few water resources with the needs of the local communities for 
human life and agriculture. Therefore, it is absolutely necessary to optimise the use of all 
the available water resources, by controlling the waters entering mining and metallurgi-
cal plants and by treating the liquid residues that the processes such as leaching, solvent 
extraction and froth flotation plants produce.
For instance, AMD occurs when sulphide ores, mainly iron- and copper-bearing sulphides 
minerals, are exposed to water and air, resulting in the formation of sulphuric acid and metal 
hydroxides that release toxic heavy metal ions, and acidic hydrogen into surface and ground 
waters [4, 5]. They are also generated at waste disposal sites and around abandoned mine sites. 
Its formation is primarily a function of the local geology and hydrology. The AMD usually 
consists of an aqueous solution that exhibits a variable acidity and contains many and variable 
toxic or valuable dissolved metals, with a high content of sulphate ( SO 
4
 2− ) and other anions such 
as phosphate (PO
4
3-), nitrate (NO
3
-), molybdate (MoO
3
2-) and chloride (Cl-), and a high amount 
of colloidal-type suspended fine solids difficult to settle, becoming a water pollution problem 
difficult to remediate. The metals remain in solution until the pH increases to a level where 
precipitation occurs. However, precipitation presents many problems, such as redissolving of 
precipitates, the need of a large amount of chemicals and the generation of large volumes of 
sludge whose disposal is quite complex. Just as an exemplification, some chemical reactions 
that represent the chemistry of AMD formation are as follows [6, 7]:
  4  FeS 
2(s) + 15  O 2 ( g )  + 14  H 2   O (l)  → 4Fe  ( OH ) 3 ( s )  + 8  H 2   SO 4(aq) (1)
  4  Fe (aq) 2+ +  O 2(g) + 4  H (aq) +  ↔ 4  Fe (aq) 3+ + 2  H 2   O (l) (2)
  4  Fe (aq) 3+ + 12  H 2   O (l)  ↔ 4Fe  ( OH ) 3(s) + 12  H (aq) + (3)
  FeS 
2(s) + 14  Fe (aq) 3+ + 8  H 2   O (l)  → 15  Fe (aq) 2+ + 2  SO 4(aq) 2− + 16  H (aq) + (4)
Equation (1) represents the oxidation of pyrite by oxygen. This reaction generates two 
moles of acid per mole of oxidised pyrite. Reaction (2) involves the conversion of Fe(II) into 
Fe(III), reaction that is enhanced by the bacteria Acidithiobacillus ferrooxidans (whenever 
these microorganisms are present in the system). Reaction (3) represents the hydrolysis of 
iron with the formation of the corresponding hydroxide and the production of new acid 
molecules. Finally, reaction (4) represents the oxidation of additional pyrite by ferric iron 
generated in the previous reactions. These reactions are based on the dissolution of pyrite 
( FeS
2
 ); nevertheless, it is expected that they also occur simultaneously with other metal sul-
phides present in the ore. An overall chemical reaction cycle takes place very rapidly and 
continues until either the ferric iron or the metal sulphide is depleted. The latter implies 
that a variety of metals and anions may dissolve in the process both conferring a significant 
toxicity to the streams containing them and turning AMD into a potential source of many 
valuable and, sometimes, scarce metals.
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1.2. Wastewater treatment paths and their comparison to adsorption operations
Solubility driven treatments: Precipitation operations widely used in the removal of heavy met-
als are implemented based on pH or the addition of counter-ions leading the formation of 
sparingly soluble compounds (Eqs. (5) and (6), respectively)
  M (aq) n+ + n  OH (aq) −  ↔ M  ( OH ) n (s) (5)
  m  M (aq) n+ + n  X (aq) m−  ↔  M m   X n (s) (6)
In these cases, the solubility product constants and the solubility of the compounds are writ-
ten as in Eqs. (7) and (8).
   K 
ps
  =  a 
 M n+ 
   a 
 OH −  
n  s =  
n+1
 √ ___  K ps  ___n  (7)
   K 
ps
  =  a 
 X n−  
m   a 
 X m−  
n  s =  
m+n
 √ ____  K ps  ____m + n  (8)
where   K 
ps
 and  a 
i
 represent the solubility product constant and the activity or real (effective) 
concentration of the ion  i in the aqueous solution.
The remaining amount of the pollutant in the solution depends on the species solubility 
which is not only a function of the solubility product constant but also of the number and 
equilibrium constants associated with the formation of anionic and others species related 
to counterions forming other molecular complexes [8]. The formation of metal hydrox-
ides may leave large amounts of pollutants in aqueous solutions. In this case, counterions 
with lower K
ps
 values are used, for instance sulphide ions ( S 2− ) are used to improve the 
wastewater treatment of waters containing mercury or cadmium. Most of the treatments 
employed in our country only consider a alkaline chemical treatment by contacting the 
acidic stream with  CaCO 
3
 or  CaO or  Ca  ( OH ) 
2
 raising the pH up to a point where metals are 
partially precipitated.
Cementation and other electrochemically driven treatments: Cementation operations correspond to 
spontaneous electrochemical reactions largely displaced towards the formation of the products. 
They have identical problems to those found in classic precipitation operations and, additionally, 
the process have to deal with the release of the reduction agent ( R ) to the aqueous phase (Eq. (9)).
  M (aq) 
n+ + n  R (s) 0  ↔  M (s) 0 + n  R (aq) + (9)
Cementation processes are commonly implemented in acidic conditions to avoid metal 
hydrolysis and consider oxidation reactions which are located outside the water stability 
domain. The latter introduces in these systems parallel competitive reactions associated 
with the hydrogen evolution and others decreasing the efficiency of the cementation pro-
cess. Other non-spontaneous electrochemical treatment is used such as electrodeposition, 
a clean technology claimed to avoid the generation of residues or electrocoagulation. The 
latter having an anode made of a polyvalent metal able to promote coagulation such as iron 
or aluminium. However, according to the elements to be removed, appropriate aqueous 
solution conditions must be reached. Relatively high cost associated with the application of 
voltage differences and mass transport limitations due to low conductivity and/or low ele-
ment concentration make this wastewater treatment strategy expensive compared to other 
spontaneous processes.
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Membrane-based separation treatments: This path includes ultrafiltration, nanofiltration and 
reverse osmosis. Ultrafiltration allows the removal of dissolved and colloidal materials. 
Isolated metal ions are difficult to remove directly due to their small sizes so the use of micelles 
and other complexing agents enhances its separation capabilities. Reverse osmosis removes a 
wide range of dissolved species from aqueous solutions; however, it has high power pump-
ing requirements to restore the membranes. Membrane separation techniques have gone 
through significant progresses developing liquid membrane processes based on the formation 
of emulsions; however, there is still room for improvement with regard to their instability in 
salty and acidic conditions and fouling produced by other species present in the  wastewater. 
Electrodialysis does not require the addition of external species to the wastewater, exhib-
its high selectivity and does not produce sludges, which makes it a promising technology. 
However, energy consumption and anodic/cationic membrane fouling is still a challenge.
Ion-exchange treatment: Ion-exchange resins either natural or synthetic are selected when high 
treatment capacity, high efficiency and fast kinetics are required. The stronger resins are built 
on sulphonic or carboxylic groups as in Eqs. (10) and (11). In both cases, the acidification 
of the aqueous media is commonly observed as it occurs in the case of solvent extraction 
using kerosene and implemented in countercurrent when using oximes. The only difference 
between ion exchange and solvent extraction would be that the organic phase would be in the 
dissolved phase in the organic phase rather than in the solid phase.
  n  ( RSO 3  H ) (s) +  M (aq) n+  ↔  ( RSO 3 −) n   M (s) n+ + n  H (aq) + (10)
  n  ( RCOOH ) (s) +  M (aq) n+  ↔  ( RCOO − ) n   M (s) n+ + n  H (aq) + (11)
Froth flotation: This process can be used to treat wastewaters contaminated with heavy met-
als and can be implemented following different technologies such as dissolved air flotation 
(DAF), electroflotation, ion flotation or precipitation flotation. DAF processes are based on the 
gas oversaturation and decompression producing microbubbles that are able to separate small 
particles or agglomerates. The electroflotation process is associated with the water electrolysis 
producing the smallest bubble sizes of hydrogen and oxygen known at the industrial level. 
Ion flotation is based on ionic complex formation with surfactant molecules and subsequent 
frother-aided flotation. The precipitation flotation is a mixed technology between the precipi-
tation followed by flotation operations (sulphide precipitation are commonly implemented).
Adsorption separation treatments: In heterogeneous systems, whenever two immiscible states of the 
matter, namely gas and liquid, gas and solid or liquid and solid, are set in contact they are sepa-
rated by a surface layer having properties different to those of the two states forming it [9]. When 
one or more components present in one of the two phases (or in both) tend towards increasing its 
concentration in the surface layer, it is said that the adsorption process is taking place (Figure 1).
In Figure 1, the adsorbat is represented by the orange circles. The adsorbent is represented 
by the continuous marble-like colour. The adsorption process can be either physical or 
chemical in nature. The physical adsorption or physisorption requires energies in the order 
of some kcal/mol and is mainly associated with condensation processes of the species at the 
interface. Its spontaneity is enhanced by reducing the temperature of the system (Eq. (12)).
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  d  G 
ads
  = d  H 
ads
 − Td  S 
ads
 (12)
where d  G 
ads
 ,  d  H 
ads
 ,  d  S 
ads
 represent the adsorption Gibbs free energy, the adsorption enthalpy 
and the adsorption entropy, respectively, while  T is the temperature of the system. The 
term  d  H 
ads
  < 0 (heat of condensation). In consequence, the spontaneity  d  G 
ads
  < 0 would be 
favoured by lower temperature conditions. In this case, the rate of the adsorption process 
is rapid, reversible between the adsorbed and desorbed states, and it can be either mono-
molecular or multimolecular with respect to the number of adsorbat molecules associated 
with the number of available adsorption sites. On the other hand, chemical adsorption 
or chemisorption requires energies in the order of dozens of kcal/mol and involves the 
generation of bonding between the adsorbed specie and the interface. In general terms, its 
spontaneity is enhanced by increasing the temperature as  d  H 
ads
  > 0 (activation energy needs 
to be reached). The adsorption process is slower and is highly dependent on the adsorbent 
nature and generally irreversible due to the strong forces between the adsorbat and the 
adsorbent taking place in the adsorption process. Adsorption operations have grown as 
a feasible way to treat wastewaters. The process is versatile in terms of the materials that 
can be used ranging from natural substrates or biosorbents such as stems, bark, leaves, 
among other; to synthetic sorbents like activated carbon, metal oxides, etc. The maximum 
adsorption capacity of the sorbent is commonly studied in thermodynamic experiments 
which are represented in terms of the adsorption isotherms. A list of the most used adsorp-
tion isotherms and the systems is presented in Tables 1 and 2. The  V ____  V max 
   ratio represents the 
adsorbed volume of adsorbat over the maximum volume of adsorbat able to be adsorbed. 
Otherwise named as a degree of coverage or   q e ⁄ q max  where  q 
i
 has units of  mg of adsorbat / g of sorbent 
defined as  θ . Please, note that  q max is referred to as the maximum adsorption associated with the monolayer. In all mathematical expressions, the variable  P refers to the pressure of 
the adsorbat when a gas phase is set in contact with a condensed phase, namely, liquid or 
solid. In more general terms, the pressure  P can be replaced by the activity or concentration 
of the adsorbat in aqueous phase.
Figure 1. Schematics of an adsorption process.
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Model 
No.
Name Mathematical model Specific features of the model and when to use it…
(1) Langmuir [10]
  θ =   k 1  P _____ 
1 +  k 
1
  P  (3 ) 
Or
  k 
1
  P =  θ ____ 
1 − θ  (3') 
Graphically:
  1 __  q 
e
  =  1 ____  q 
max
 +  
1 ______ 
 q 
max
   k 
1
  P  (3.5 ) 
  P __ q 
e
  =  1 _____  k 
1
   q 
max
 
+  P ____  q 
max
   (3.6 ) 
  q 
e
  =  q 
max
 −   q e  ___ 
 k 
1
  P  (3.7 ) 
  
 q 
e
 
 __
P
 =  k 
1
   q 
max
 −  k 
1
   q 
e
   (3.8 ) 
  1 __ 
P
 =   k 1   q max  _____ q 
e
  −  k 1   (3.9 ) 
This two-parameter model is widely used in cases 
where ideal localised monolayer is obtained by either 
chemical or physical adsorption. This is perhaps the 
most relevant model in the field of adsorption and has 
been derived from kinetic premises, thermodynamics 
conceptualisation and also statistically [11] The 
particular conditions under which the model is valid are 
as follows:
(1) Once adsorbed the adsorbat is fixed onto one surface 
site and there is no migration throughout the sorbent 
surface (or interface). Therefore, the adsorbent 
exhibits a limited capacity for adsorption
(2) One adsorbate molecule is associated with one 
surface site
(3) The surface energy is identical for every surface site 
and therefore the same applies to the adsorption 
energy. In other words, the following equation holds  
Δ  G a  = Δ  H a − TΔ  S a  = cte ( 3.3 ) , where the subscript  
a refers to the adsorption process
(4) A homogeneous surface without lateral interaction 
and steric hindrance between adsorbed species is 
required even if they are adsorbed in adjacent sorbent 
surface sites
The strength of intermolecular attractive forces decreases 
dramatically with the distance to the surface sorbent
(2) Freundlich (also 
known by the 
name Halsey 
and Taylor) 
(Freundlich, 
1906) [12]
  q 
e
  =  k 
1
   P  1 __n   (11 ) 
Graphically:
  log  q 
e
  = log  k 
1
 +  1 __n log P (11.3 ) 
This two-parameter isotherm is applicable to chemical 
and physical adsorption without lateral interactions 
between adsorbed molecules. It is an empirical two 
parameter model which describes a multilayer adsorption 
process where the surface sites do not follow any uniform 
distribution in adsorption heat of adsorption or affinities 
between the sorbent and adsorbent. It is based on the 
fact that the concentration of the adsorbat on the surface 
increases with the concentration in the other phase
The conditions are
1. The heat of adsorption can be represented by  − Δ  
H 
a
  = − Δ  H 
0
  Logθ (11.1 ) .
2. The model cannot be used at high and low degree 
of coverage. At very low adsorbat concentration, the 
Freundlich equation does not provide Henry’s law; 
however, it is valid for ion adsorption at low solute 
concentrations
If  
1
 
__
 n is close to zero, the surface heterogeneity of the 
sorbent is more significant. Such heterogeneity is 
characterised by the exponential decaying sorption 
site distribution (or the adsorption enthalpy changes 
logarithmically with the degree of coverage). 
Particularly, in this case, when n varies from 1 to 
10, the adsorption is highly favourable. If  , then, the 
partition between the two phases is independent of the 
concentration of the adsorbate and linear adsorption 
occurs. If  1 __ n is higher than 1, there is a symptom of 
cooperative adsorption
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No Name Mathematical model Meaning of the parameters and when to use it…
(1) Lagergren Pseudo-first 
order [14]
Derivative form:
  
d  q 
t
 
 ___
dt
  =  k 
kin
 ( q e −  q t ) 
Integral form:
  ln  ( q e −  q t )  = ln  q e −  k kin  t 
  k 
kin
 is the specific rate of adsorption
 q 
t
 is the adsorption parameter which evolves with 
time. This model is widely used for cases where the 
adsorbat is originally dissolved in aqueous phase 
and the adsorption follows a first order equation. 
The following assumptions are made:
(1) The adsorption is localised and there is not any 
interaction between adsorbed molecules
(2) The adsorption energy is independent of 
surface coverage
(3) Maximum adsorption capacity is equivalent to 
the monolayer formation
(4) The concentration of the adsorbat in the fluid 
phase is constant
(2) Pseudo-second order Derivative form:
  
d  q 
t
 
 ___
dt
  =  k 
kin
   ( q e −  q t ) 
2
 
Or,
  q 
t
  =  q 
e
 [ 1 −  1 _  β 
2
 +  k 
2
  t] 
Integral form:
  t __  q 
t
  =  1 _____  k 
kin
   q 
e
 2 
+  t __  q 
e
 
  k 
kin
 is the specific rate of adsorption This model 
assumes that the chemisorption is the rate 
determining step in the process. These assumptions 
are similar to the pseudo-first order but in this case 
the adsorption follows a second-order kinetics
(4) Intra-particle diffusion or 
Weber and Morris model [15]
  q 
t
  =  k 
id
   √ _ t + I  k id intraparticle diffusion rate constant
 I provides information about thickness of the 
boundary layer If the plot of  q 
t
 vs  √ _ t passes through 
the origin. Otherwise, the overall adsorption 
mechanism is also controlled (to some degree) by a 
boundary layer
Table 2. Adsorption kinetics models.
Model 
No.
Name Mathematical model Specific features of the model and when to use it…
(3) Redlich-
Peterson [13]   q e  =  
 k 
r
  P
 ______ 
1 +  a 
r
   P φ    (24 ) 
Graphically,
  ln  ( k r   P _ q e − 1 )  = φ ln P + ln  a r 
This is an empirical thee parameter isotherm model 
that can be applied to sorbents exhibiting homogeneous 
and heterogeneous surface energy within a significant 
range of pressure or concentration of adsorbat. 
It is particularly useful for moderate pressures/
concentrations. Its use requires evaluating three 
parameters ( k 
r
 ,    a 
r
   and φ ) combining aspects from 
Langmuir and Freundlich isotherms. The denominator 
consists of a hybrid Langmuir-Freundlich form
The model consists of a linear dependence on the 
adsorbat concentration/pressure and an exponential 
behaviour with respect to the same variable in the 
denominator. At high adsorbat concentration/pressure 
the model is simplified to the Freundlich isotherm. In any 
case, if  φ = 1 the Langmuir model is obtained. If  φ = 0 , 
the Henry’s law is obtained
Table 1. Adsorption isotherms and their use.
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2. Inorganic sorbents case study: Silica based sorbents - Nanostructured 
silicates
2.1. Introduction
The synthesis, characterisation and performance of sorbents based on nanostructured calcium 
silicates without modification or chemically modified with other atoms with the purpose to 
improve the adsorption of some specific contaminant species are reviewed. The nanostruc-
tured calcium silicates possess a very high capacity to remove contaminants from water even 
when these are present in higher concentrations, and also have the capability of a collec-
tive and simultaneous removal of cationic and anionic species from acidic aqueous solutions. 
Effectively, there is a strong need for adsorbent materials that have the capacity for removing 
simultaneously both anions and cations from industrial and mining solutions. The synthe-
sized nanostructured calcium silicates exhibit a specific surface area, averaging values over 
100–400 m2/g, showing a good sorption capacities for removing high contents of different 
ionic species. The mechanisms governing the sorption process are related to the presence of 
silanol, calcium and hydroxyl groups in its structure, which would act as binding or nucle-
ation sites on its surface [16]. Recent efforts for modifying nanostructured calcium silicates by 
introducing in their structures other metals that generate an improved sorbent addressed to 
enhance the sorption of other species present in solutions like the AMD, by using simple and 
low-cost processes, have been achieved. The efficiencies accomplished with nanostructured 
calcium silicates modified with iron, magnesium and aluminium introduced in its structure 
opens the possibility of tailoring a mix of modified silicates to suit the composition of vari-
ous wastewaters requiring decontamination treatment. ‘The more insoluble is the hydroxide 
precipitate or the salt formed during the reaction of the calcium silicate with the ionic species 
to be removed, the more efficient is the sorption process’.
The following modifications have been obtained successfully:
(a) Nanostructured calcium silicate derivatives containing Fe atoms have been prepared to 
selectively promote and enhance the adsorption of arsenic species through the formation 
of highly insoluble and stable double-salt of calcium and iron.
(b) The introduction of  Mg atoms of n-calcium silicate by partial substitution by  Ca atoms 
have permitted the preparation of a sorbent material that benefits the removal of phos-
phate and ammonium ions, frequently found in mining wastewaters, due the formation 
of a very insoluble calcium-containing double phosphate of Mg and ammonium.
(c) The partial replacement of  Ca atoms in n-calcium silicate by  Al atoms generates a stronger 
sorbent that allow and improve the sulphate removal by forming a high insoluble alu-
minium and calcium double basic salt.
(d) Nanostructured calcium silicate by forming a composite with magnetite in order to pro-
vide to this nanosorbent of magnetic properties and facilitate its separation from the re-
sulting solution.
This monography addresses the base case and these four case studies.
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2.2. Experimental procedures – Nanostructured silicate synthesis procedure 
The synthesis of nanostructured calcium silicate can be conducted using several routes of 
preparation. In this study, calcium silicate was synthesized by precipitation as a result of the 
room temperature chemical reaction between liquid  Na 
2
   SiO 
3
 and  Ca  ( OH ) 
2
 at a pH value of 
12.3, following a process in two steps. Firstly, a suspension of  Ca  ( OH ) 
2
 in water is treated 
with  HCl 33% w/w to give a slurry with a pH value of 12–12.5, varying the stirring velocity 
in a range between 425 and 1000 min−1. Secondly, a sodium silicate solution containing 28.5% 
w/w  SiO 
2
 is diluted with water resulting in a 0.32% w/w  SiO 
2
 solution. Then, this solution 
is vigorously mixed with the previously prepared  Ca  ( OH ) 
2
 suspension in a reactor, vary-
ing the stirring velocity between 1000 and 6000 min−1, immediately forming a precipitate, 
nanostructured calcium silicates containing an average value of 35 g  SiO 
2
 /kg of formed solid. 
The formed slurry is aged for 20 min, allowed to settle for 13 h, before the obtained solid is 
recovered by vacuum filtration. Afterwards, the filter cake is washed with water and ethanol 
in order to disperse the nanostructured particles and lower the surface tension of the still wet 
solid. The solid is dried at 383 K for 2 days. Treatment with ethanol is necessary because dur-
ing the drying of silicate, which presents a high surface area, is generated a great liquid-air 
interface that causes a high surface tension collapsing the structure of the material reducing 
its pore volume and surface area. The synthesised calcium silicate is an amorphous substance 
which does not present a defined chemical structure as is shown in Figure 2.
Figure 2 shows the presence of OH− groups and adsorbed water on the surface of the material. 
Figure 3 shows scanning electron microscope (SEM) micrographs of the synthesised nano-
structured calcium silicates. Particles exhibit a mean particle size between 0.2 and 1.0 µm. The 
particles appear in the SEM pictures forming larger agglomerates. This structure would cor-
respond to a silicate backbone with plates of a thickness around of 10 nm and would consist 
of a tetrahedral silicate with Ca(II) ions and silanol groups on the surface forming a wollas-
tonite-like structure, CaSiO
3
, which contains  SiO 
3
 2− species in which Ca(II) ions and the silanol 
groups would act as probable binding sites for the species being removed. The modifications 
Figure 2. Probable structure of nanostructured calcium silicate.
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done to the adsorbent by introducing other atoms that replace part of the calcium in the sili-
cate, have not change significantly the mentioned structure, making possible the preparation 
of strong sorbent composites. Because of their low-cost and their disposable character, the 
regeneration of the modified calcium silicate is not considered. However, given their silicate-
base composition similar to cement, later uses can be outlined.
2.3. Modifications to the nanostructured calcium silicate
Variants of this methodology to generate sorbent modifications are described below:
(a)  Mg -substituted calcium silicate: add  Mg during the synthesis of calcium silicate, a variable 
mole % magnesium is added as  Mg  ( OH ) 
2
 to replace part of the  Ca atoms by  Mg .
(b)  Fe -calcium silicate: are prepared by replacing part of the calcium atoms of the silicate by 
Fe atoms using as iron source  FeCl 
3
 or  Fe  ( OH ) 
3
 
(c)  Al -substituted calcium silicate, aluminium can be added as  NaAlO 
2
 ,  Al  ( OH ) 
3
 or poly-alu-
minium chloride (PAC) at the start of the synthesis with the  Ca  ( OH ) 
2
 .
(d) Magnetic properties of the calcium silicate that allows its easy separation from the treated 
waters, during the synthesis are added a suitable proportion of magnetite ( Fe 
3
   O 
4
 ), what 
avoid an important degrading of the accessible surface area of the silicate.
In all cases, there is a maximum element to calcium replacement ratio without compromising 
the nanostructure of silicate. Over certain replacement proportions, the nanostructure suffers 
a deleterious effect.
2.4. Characterization of nanostructured calcium silicate
The characterisation consisted of:
• Observing by scanning electron microscopy (SEM) JEOL JSM-25SII instrument.
• Measuring the mean particle size using a Malvern Mastersizer Hydro 2000 MU apparatus.
Figure 3. SEM micrographs of the non-modified nanostructured silicate adsorbent.
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• Carrying out porosimetry analyses including the determination of the specific surface area 
are conducted using a  N 
2
 sorptometer in a Micromeritics ASAP 2010 porosimeter at 20°C 
and 1 atm.
• Determining whether the nanostructured calcium silicates present a crystalline or amor-
phous structure, samples of the prepared solids were analysed using a Bruker D8 advance 
X-ray powder diffractometer which poses a LynxEye lineal detector.
• Determining the presence of free water molecules,  O − H groups associated with water and 
silanol groups and  Si − O bonds, infrared spectra were obtained in a Bruker-FTIR IFS 55.
• Performing differential scanning calorimetry (DSC) analysis using a DSC Perkin Elmer 
6000 equipment to check the presence of water and of silanol groups in the silicate.
• Finding the elemental composition of the adsorbent using X-ray fluorescence spectrometry 
method and chemical analysis. In addition, the content of  Ca and  Fe in the adsorbent was 
also measured by flame atomic absorption analysis using a Perkin Elmer PinAAcle 900F 
apparatus, technique that was also used to check the chemical stability of the sorbent when 
contacted with acidic-aqueous solutions; these are necessary tests taking into account the 
acidic nature of most mine wastewaters.
2.5. Adsorption experiments
Batch equilibrium sorption tests are conducted at 303 K in a batch-type reactor by mixing a 
variable amount of nanostructured calcium silicate and different volumes of a copper mine 
aqueous solution having the following main composition:
(a) Main components: pH: 2–6; SO 
4
 2− :2–10 g/L; Cu(II): 20–120 mg/L; Fe (Fe(II) + Fe(III)): 120–330 
mg/L; Zn(II): 15–120 mg/L; Mg(II): 140–250 mg/L; Ca(II): 250–400 mg/L; Mn(II):80–140 
mg/L; P: 20–130 mg/L (in phosphate).
(b) Minor and toxic components: Cd(II): 5–20 mg/L; Pb(II): 8–30 mg/L; As: 40–200 mg/L; 
Cr(VI):0–20 mg/L; Ni(II): 4–5 mg/L;  NO 
3
 −: 10–30 mg/L; Cl−: 20–40 mg/L;  MoO 
4
 2− : 2–10 mg/L; 
TSS: 60–250 mg/L; pH: 2.1–4.6.
Batch experiments are conducted over sufficient time to reach equilibrium conditions. 
During the experiments, samples of the solution are collected at defined intervals and 
filtered using a 0.45 µm nitrocellulose Millipore membrane. The latter was performed 
before measuring the pH value and the concentration of metallic ions by atomic absorp-
tion spectrophotometry on a Perkin Elmer PinAAcle 900F instrument. The quantity of 
metal adsorbed is determined by the difference between the concentrations of metal in the 
initial aqueous feed phase and that in the raffinate solutions. At the end of the tests, the 
nanostructured calcium silicates were separated from the resulting aqueous solution by 
filtration. The  SO 
4
 2−    ion content is determined using a standard barium sulphate method 
[17] and  PO 
4
 3− ion concentration is measured using the vanadate-molybdate-phosphoric 
UV-spectroscopy method [18].
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2.6. Results
2.6.1. Synthesis and characterization
The chemical reaction between  Ca  ( OH ) 
2
 and  Na 
2
  SiO 
3
 is fast generating a thixotropic precipi-
tate that produces particle agglomeration. The reaction of Ca(II) ions with soluble silicate 
as  Na 
2
  SiO 
3
    resulted in the precipitation of calcium silicate, an insoluble solid, where Ca(II) 
appeared to be strongly bound to a silicate backbone. The extent of the reaction and the par-
ticle size of the solid formed depend strongly on the pH of the reaction mixture, the propor-
tions and concentration of calcium and silicate ions and the intensity of the stirring employed 
during the process. Intensive stirring in basic medium produces a quite homogeneous but col-
loidal and amorphous insoluble calcium silicate. The higher the stirring velocity, the smaller 
the particle size of the resultant calcium silicate and the larger and more accessible the sub-
strate surface area comprising of micro-pores and meso-pores.
The modification of the adsorbent consists of a first step where  Ca  ( OH ) 
2
 and the source of 
the replacing elements ( Mg  ( OH ) 
2
 or  FeCl 
3
 or the Al compound) are mixed with the  HCl solution. 
Afterwards, the resulting phase is mixed with the Na
2
SiO
3 
solution at high-stirring velocity, 
ideally over 2000 min−1. It is not easy to establish a single stoichiometry of the chemical reac-
tion due to the wide variety of silicate species possible to be formed and to the proportion of 
hydroxyl and silanol groups that silicates would contain. Even the synthesized calcium sili-
cate as an amorphous substance does not present a defined chemical structure as shown in the 
scheme of Figure 1. Notwithstanding, in all cases, the prepared substrate corresponds effec-
tively to an amorphous material without a defined structure. Particles present a mean particle 
size averaging 0.5–1.0 µm forming larger agglomerates. Details of nanostructured calcium 
silicate have been described in former communications by Cairns et al. using 29Si-NMR spec-
troscopy and X-ray photoelectron spectroscopy (XPS) analysis [19]. They suggest the struc-
ture consists of a silicate backbone with plates of thickness around 10 nm. It would comprise 
silicate tetrahedral sites with Ca(II) ions and silanol groups on the surface forming a wollas-
tonite-like structure,  CaSiO 
3
 , where Ca(II) ions and silanol groups would act as probable bind-
ing sites. Cairns et al. propose that the calcium silicate would contain 1.5% of hydroxyl groups 
meaning that approximately 8% of silicon atoms in the structure are silanol groups allowing 
metallic ions such as Cu(II) and Zn(II) to form the corresponding hydroxides on the surface 
of the silicates acting as nucleation sites [20]. Porosimetry analyses using the  N 
2
 sorptometer, 
indicate a variable surface area ranging between 80 and 300 m2/g, a value much higher than 
the surface area shown by other sorbents [21]. The mean pore diameter varies between 11 and 
25 nm and the pore volume between 0.200 and 0.400 cm3/g for calcium silicates varying with 
the stirring velocity used during the synthesis.
X-ray diffraction analysis confirms that the prepared compounds are basically amorphous or 
at least polycrystalline. However, elements of patterns associated with wollastonite,  CaSiO 
3
 , and 
larnyta-syn,  Ca 
2
   SiO 
4
 , were observed confirming the synthesis of a calcium silicate. Although nat-
ural silicates are crystalline, like natural wollastonite, the solids prepared in this study appeared 
amorphous, probably because they were prepared by precipitation from aqueous solutions. 
Soluble silicates found in solutions comprise silicate ions of different size, most of them polym-
erized, which are not able to organise themselves in a crystal form resulting in a colloidal solid.
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2.6.2. Adsorption experiments
Sorption experiments are carried out to measure the capability of these nanostructured cal-
cium silicates to uptake diverse metallic ions and some anions found in many residual indus-
trial and mining wastewaters. Most of the experiments were conducted using the aqueous 
solutions whose initial metals concentrations have been described before. However, in order 
to establish the maximum metal sorption capacity of the nanostructured calcium silicates, 
some experiments were carried out using a feed-aqueous solution with higher content of met-
als (up to 5 g/L) (Figure 4).
Metallic ions such as Cu(II), Zn(II) and Cd(II) readily form insoluble hydroxides under 
basic conditions. However, their removal by precipitation only with lime is far from an 
ideal solution when their content in solution is high enough to consider them pollutants. 
In the presence of nanostructured calcium silicate the extent of precipitation reached is sig-
nificantly higher than that observed with only lime being used. The degree of removal of 
Cu(II), Zn(II) and Cd(II) ions is higher and it produces more stable structures using the 
nanostructured calcium silicates prepared in this study. In fact, it is reasonable to think that 
silicates kept the pH value in a more basic region acting as a buffer. Thereby, they ensure a 
good precipitation of metallic ions probably onto the surface of the formed silicate, rather 
than in the bulk solution. This way, the precipitates generated in this case are of more granu-
lar nature, meaning that they could settle or get filtrated more easily than the precipitates 
obtained using lime or NaOH. This fact suggested that the metal removal from aqueous 
solutions would be a cation exchange between the metals to remove and the calcium ions 
associated with the silicate structure.
Figure 5 presents the results observed for the sorption of the anions  PO 
4
 3− ,  SO 
4
 2− and  CrO 
4
 2− intro-
duced in the test solutions employing as a sorbent in the same sample of nanostructured 
Figure 4. Adsorption of some metallic ions onto nanostructured calcium silicate.
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calcium silicate without modification. The adsorption of PO
4
3- is fairly significant, SO
4
= is also 
adsorbed, until a maximum uptake point. Cr(VI) is not adsorbed at all probably because this 
ion is present in aqueous solution as anionic species such  CrO 
4
 2− ,  HCrO 
4
 − or  Cr 
2
   O 
7
 2− that do not 
tend to form insoluble salts with Ca(II) ions. The adsorption of  PO 
4
 3− was higher than that of 
SO 
4
 2− in agreement with the lower solubility of  Ca 
3
   ( PO 4 ) 2 compared to  CaSO 4 . The combined use of the nanostructured calcium silicate with Al(III) using poly-aluminium chloride improves 
the sulphate adsorption, even starting from initial solutions that contain over 2–5 g/L, obtain-
ing a raffinate solution containing only a few mg/L accomplishing this way with the Chilean 
environmental regulations of discharge. The formation of ettringite, a double calcium and 
aluminium basic salt, during the adsorption would explain these results. Then, it is possible 
to achieve an almost complete sulphate removal.
The dissolved species diffuse from the solution to the surface of the adsorbent, and then to 
the internal structure. The rate of adsorption is usually limited by mass transfer and depends 
on the properties of the sorbate and sorbent. The equilibrium adsorption results of ionic spe-
cies adsorption have been explained using conventional equilibrium isotherms including the 
Langmuir model, the empirical Freundlich model and the Redlich-Peterson isotherm, which 
is a hybrid sorption model employed to analyse experimental data that do not fit well with 
other mentioned models. Normally, Langmuir isotherm only can explain the experimental 
results when synthetic and quite pure and ideal aqueous solutions are used. Freundlich and 
Redlich-Peterson used to fit equilibrium experimental results when real mining or more com-
plex chemical matrices are used as aqueous solutions. With respect to kinetics experiments, 
normally experimental results are satisfactorily well explained by applying a pseudo-second-
order kinetics model which is based on the sorption capacity of the sorbent.
Figure 5. Adsorption of some anionic species onto nanostructured calcium silicate.
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2.7. Conclusions
In general, the modification with other atoms like Fe, Al and Mg of the nanostructured cal-
cium silicate hydrate does not affect its high potential as adsorbent for treating polluted acidic 
solutions. The modified materials are superior to the unmodified material in terms of stability 
and sorption capacity by forming highly insoluble and stable double salts. The silicates would 
act as seeding material of insoluble hydroxides and salt species.
3. Natural sorbents case study: biosorbents - pine bark
3.1. Introduction
Several natural and low-cost products have been assessed as sorbents or as removal agents 
for heavy metal ions and other pollutants present in industry-discarded aqueous solutions 
[22–25]. Some examples of biosorbents are sugar maple [26]; mulch [27]; papaya wood [28]; 
tea industry wastes [29]; sawdust [30] and pine bark [31]. Particularly, the primary use of 
bark (and other by-products of the wood industry) is mainly associated with fuel with little 
added value. Therefore, their use as a sorbent is expected to produce an increase of the over-
all industry sustainability. Moreover, its use as biosorbent may become especially interesting 
when the pollutant loaded material can undertake further steps leading to its reutilisation 
as a sorbent (elution, pyrolysis, etc.) or carry on with other uses such as the production of 
activated carbon.
In this case, the adsorption efficiency, evaluated in terms of the adsorption capacity, varies 
from only a few micrograms up to 200 mg per grams of dry bark. The efficiency of the over-
all wastewater treatment process depends on the type of natural sorbent, the nature of the 
metal or pollutant to be adsorbed, the initial pollutant concentration, pH, temperature, pulp 
density, the cell design (batch, column, etc.) and the contacting time. In fact, many scientific 
reports have revealed that this material can adsorb and act simultaneously as biofilter for 
several types of pollutants, such as heavy metals and organic products.
This chapter focuses on the treatment of wastewaters containing heavy metals commonly 
observed at large scale operations related to industrial activities such as mining and metallurgi-
cal processes [32, 33]. The use of adsorption techniques overcomes this problem leaving aque-
ous solutions with heavy metal concentrations typically in the order of parts per billion [28].
It has been shown that the governing mechanism for the adsorption of cationic heavy met-
als using biosorbents is based on ionic exchange reactions [34], which occurs throughout the 
removal of protons present in the different bark molecular structures (Eq. (13)),
  R − OH +  M n+  → R − O  M  ( n−1 ) + +  H + (13)
where R represents the organic structure of the sorbent,  M n+ is the dissolved heavy metal ion in 
solution. As a consequence of the adsorption, the acidity of the aqueous phase increases. The 
adsorption may coordinate one or more adsorption sites and the charge of the metallic ion can 
be totally or partially compensated by the surface charge of the biosorbent.
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3.2. Substrate pre-treatment
One problem associated with the use of pine bark in the removal of heavy metals is its content of 
natural organic complexation agents such as tannins, which can be released in significant concen-
trations and stabilise contaminants in solution rather than removing them. There are a number 
of biosorbent pre-treatments reported in the literature aiming at removing or fixing such solu-
ble compounds and simultaneously improving the subsequent pollutant adsorption efficiency/
capacity. For instance, it has been shown that best adsorption results are obtained throughout 
carrying out a prior ‘bark chemical activation’. This treatment consists of immersing the pine 
bark into diluted acid media at slightly high temperatures such as 50°C–70°C [34–36] before per-
forming the adsorption tests. The acidic solution needs to be diluted to secure the integrity of the 
sorbent during the pre-treatment. The pH range in which the impact of chemical activation is the 
highest is narrow and it depends on the heavy metal nature and on the pulp density used [37]. 
Another pre-treatment consists of just washing the pine bark with water facilitating the removal 
of tannins and other soluble species which, if not removed, could again, irreversibly pollute even 
more the wastewater.
3.3. Experimental procedures
This experimental part gathers a number of findings concerning the bark structure, its response 
to chemical activation, and experiments generating adsorption equilibrium and kinetic data.
3.3.1. Pine bark characterisation and preparation
Pine bark samples are reduced in size to particle size distributions below 1 mm diameter 
(16# Tyler). The chemical activation is commonly performed using sulphuric acid 0.1–0.2 M 
and up to 1 M for 2 h at a temperature ranging from 20°C to 50°C with a solid to liquid ratio 
equal to 1:10.
Pine bark washing procedures are carried out with distilled water in a Soxhlet apparatus. 
Scanning electron microscopy (FEI Quanta 250 FEG SEM) is used to analyse the pine bark 
unloaded and loaded with the pollutant. Semi-quantitative elemental analysis was performed 
by EDX analysis of fluorescence intensities. FT-IR spectroscopy experiments are carried out 
on an IFS 55 spectrometer (Bruker) using diffuse reflectance mode (Harrick Attachment). The 
detector was of an MCT type and cooled at liquid nitrogen temperature (77 K).
XPS analysis is performed using a Kratos Axis Ultra instrument with a monochromatic Al Kα source. Samples are fixed on the sample holder using double-sided tape.
3.3.2. Adsorption studies
In all cases, there is an initial concentration of the pollutant (heavy metal) commonly in the 
dissolved state in the aqueous phase and introduced as a sulphate or a nitrate salt. The pH 
condition is close to the point where the hydrolysis starts producing insoluble or neutral spe-
cies. All tests are carried out at 20°C and the pulp density used varies from 1 to 20 g sorbent/L 
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aqueous solution unless stated otherwise. The adsorbed amount of pollutant is obtained by 
computing the difference between the initial amount of pollutant and the residual concentra-
tion after adsorption. The metal concentration in solution is obtained using atomic absorption 
spectrophotometry (AAS) Perkin Elmer Model 2380.
Equilibrium data are obtained at least after 48 h contact between the sorbent and the polluted 
aqueous phase. Kinetic data are generated following similar experimental protocols
In all cases, high purity reagents were used. Further details or changes in this procedure are 
pointed out when appropriate.
3.4. Results
3.4.1. Characterisation and modelling of the substrate
Table 3 shows the chemical composition of both raw and chemically (acid) activated bark 
resulting from the EDX elemental analysis of original washed bark and after the sulphuric 
acid treatment. As expected, most of the soluble species decrease their content due to the 
activation. The acid treatment reduces the concentrations of  K ,  Mg ,  Mn and  Ca significantly, 
whereas other metal concentrations ( Na ,  Al ,  Si ,  Ti ,  Fe ,  Cu ) remain almost constant.
Figure 6 shows the DRIFT analysis obtained for a section of the finger print region. A broad 
band is observed from 3600 to 3000 cm–1, indicating the presence of  O − H and  C − H stretching 
vibrations. Between 2000 and 1500 cm–1 there is a strong band at 1610 cm–1 representing the 
carbonyl  C = O stretch. When Pb(II) is adsorbed onto bark, a broadening of the band occurs 
and a simultaneous modifications at wavenumbers of approximately 1512 cm−1 related to aro-
matic skeletal vibrations. These changes are in agreement with the structures which are easier 
to ionise (Figure 7).
A high concentration of the metallic ions in solution may then activate the adsorption sites 
having lower ionization constant ultimately increasing the specific adsorption.
Figure 8 shows the SEM images after sorption using low pulp densities conditions. EDX 
elemental analysis at the spots vmarked in the figures revealed a high heterogeneity in the 
Pb distribution across the bark. The Pb/O weight ratio varied from 2:1 to 3:1 regardless the 
pulp density value. Similar observations of varying metal content were previously seen for 
untreated bark [39].
Chemical element
Bark Na K Mg Ca Al Si Ti Mn Fe Cu
Washed 0.98 2.03 2.40 12.80 6.40 17.10 0.47 0.57 4.80 0.025
Activated 0.94 1.08 0.79 5.70 7.00 21.30 0.46 0.11 4.30 0.025
Table 3. Semi-quantitative EDX analysis of pine bark (values are in mg per g of dry bark).
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Figure 6. DRIFTS spectra for activated bark (a) and bark charged with solutions containing 1 (b), 1.5 (c) and 3 (d) g Pb 
L−1. Pulp density: 1.5 g/L.
Figure 7. Schematics of the organic groups, its relative proportion in the structure of bark, and radicals through which 
the ionization could lead to heavy metals adsorption onto bark. Ka represents the acidity constant,  C : carbon,  O : oxygen, 
Ar : aromatic structure (from Ref. [38]).
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3.4.2. Adsorption tests: thermodynamics and kinetics
As an example, Figure 9 shows the adsorption percentage of Cu(II) from batch experiments. 
Langmuir and Freundlich isotherms fit well with the experimental data. The adsorption 
capacity varies from one chemical element to another and as a function of the experimental 
conditions used. Pb(II) ions reach similar adsorption capacity at 10 g/L pulp density but it can 
reach 90 mg/g at 1 g/L. Concerning adsorption competitive reactions, when comparing Cu(II) 
and Zn(II) adsorption, Cu(II) reaches higher adsorption capacities than Zn(II). Binary adsorp-
tion reveals both metallic ions which do not interfere in the adsorption of each other reaching 
similar adsorption capacities when mixed and separated; however, this is not the case for 
all metals. Al-Asheh and Duvnjak (1997) have proved that Ni2+ and Cu2+ interfere slightly 
whereas the pairs (Cu2+, Cd2+) and (Cd2+, Ni2+) show a more significant interaction [22].
Figure 8. SEM images of activated pine bark loaded with adsorbed Pb(II). Left: pulp density 1.0 g/L. EDX analysis 
indicates Pb/O weight ratios of 2:1 and 3:1 in spots (a) and (b), respectively. Right: pulp density 1.5 g/L. EDX indicates 
Pb/O weight ratios decreasing from (a) to (c) ranging from approximately 2:1 to 3:1.
Figure 9. Adsorption isotherm of copper (II) ions onto washed pine bark at pH 5, 10 g/L pulp density [40].
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If the heavy metal needs to be recovered, elution stages may allow removing and concentrat-
ing at least 90 and 71% or Cu(II) and Zn(II), respectively. The resulting solutions are 20 and 
9 times more concentrated than the original polluted solution [41]. In consequence, the zinc 
surface complexes are more stable than the ones of copper. Figure 10 shows the adsorption 
percentage and the specific adsorption results of copper obtained at different pulp densities 
with washed and activated pine bark.
The higher the pulp density (number of sorbent surface sites available), the higher the amount 
of metal removed from solution. Depending on the pulp density, the concentration of the 
heavy metal in solution and the contact time of the solution with the bark, the adsorption 
percentage may reach a plateau or maximum value. Such maximum value is usually referred 
to as ‘saturation’ which might be misleading. It can also be observed that the higher the pulp 
Figure 10. (a) Kinetics of adsorption percentage (%) and (b) specific adsorption (mg copper (II) ions/g dry bark) of copper 
(II) ions onto washed and activated bark [42].
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density, the lower the specific adsorption. At constant initial metal concentration, the increase 
of pulp density favours the adsorption process on bark surface sites that are easier to reach 
and to be replaced by a metal ion (high energy surface sites). In other words, the material is 
not being used at its maximum capacity.
Moving from the high to low pulp density values, the specific adsorption increases. This indi-
cates that higher concentrations of copper (II) ions activate sites. This is expected, given that 
the increase of copper (II) ions will shift the adsorption equilibrium constants of secondary 
reactions towards increasing the metal concentration in its adsorbed state. Indeed, the ion 
exchange mechanism (the main responsible for metal adsorption) occurs throughout many 
organic radicals with different acidity constants.
3.4.3. Surface analysis of the sorbent
Several scientific reports have been devoted only to analyse and to interpret the results from 
X-ray photoelectron spectra of wood and compounds derived from it [43, 44]. Figure 11 
shows the O1s emission lines obtained for the untreated sample of pine bark and charged 
with Pb(II) ions. The energy scale was fixed and referred to 285 eV, in agreement with most 
studies reported [44].
The O1s line is strongly perturbed by Pb(II) adsorption. The peak at the lowest position shifts 
to lower binding energy values, confirming a reductive environment due to Pb(II) adsorp-
tion. The peak associated with O-C-O is similarly shifted towards lower binding energies 
but in smaller magnitude compared to that representing C-O- type structures. Additionally, 
the intensity of C-O peak increases relative to the other peak. This suggests that not all sites 
present similar active sites. Most of them have C-O sites for adsorption while the amount of 
phenolic sites varies locally through bark structure. The mechanism, therefore, should take 
Figure 11. XPS spectra of pine bark samples. Sample 1: Original pine bark; sample 2 loaded for 24 h with Pb(II) in an acid 
aqueous solution (pH 5) at 5 g/L pulp density [45].
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place in well distributed C-O groups and as a second type of sites in significance it would be 
the phenolic groups. The latter is in agreement with DRIFT results.
3.5. Conclusions
Results have shown that the adsorption efficiency depends not only on the pollutant nature 
but also on the presence of other species which may interact with the pollutant interfer-
ing positively or negatively on the adsorption performance. There are cases where the 
simultaneous presence of different pollutants results in influencing the overall adsorption 
capacity (for example Cd(II) and other divalent ions) and other cases where pollutants 
adsorb regardless the presence of others (for example Cu(II) and Zn(II)). The elution pro-
cess carried out with 1N nitric acid solution proved to be promising to concentrate both 
ions. Cu(II) ions were more likely to be destabilised than Zn(II). The tests performed with 
a pulp density of 6 mg/g dry bark resulted in solutions 20 and 9 times more concentrated 
in the case of Cu(II) and Zn(II), respectively. The chemical activation of pine bark material 
increases the rate at which copper (II) ions are adsorbed and it simultaneously reduces the 
maximum achievable adsorption equilibrium. The chemical activation is useful primarily 
at high pulp density values (above 10 g/L). The adsorption capacity for Pb(II) at very low 
pulp density is about 93.7 mg Pb(II)/g dry bark. Mono-hydroxylated species and free lead 
ions were presented as the major responsible for adsorption. DRIFTS analysis revealed 
that the adsorption mechanism is complex, mainly driven by bark surface sites involving 
C-O groups and this was confirmed by XPS analysis. Phenolic and cellulose oxygen sites 
are also relevant.
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